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Edited by Micheal R. BubbAbstract We investigated the biological response of chondro-
cytes isolated from diﬀerent zones of articular cartilage and their
cellular behaviors in poly (ethylene glycol)-based (PEG) hydro-
gels containing exogenous type I collagen, hyaluronic acid
(HA), or chondroitin sulfate (CS). The cellular morphology
was strongly dependent on the extracellular matrix component
of hydrogels. Additionally, the exogenous extracellular micro-
environment aﬀected matrix production and cartilage speciﬁc
gene expression of chondrocytes from diﬀerent zones. CS-based
hydrogels showed the strongest response in terms of gene expres-
sion and matrix accumulation for both superﬁcial and deep zone
chondrocytes, but HA and type I collagen-based hydrogels dem-
onstrated zonal-dependent cellular responses.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Gene expression1. Introduction
Zonal organization of articular cartilage (AC) allows chon-
drocytes to reside in unique extracellular microenvironments
as well as maintain unique expression and organization of
extracellular macromolecules for proper functioning of the tis-
sue [1–3]. Previous studies have reported signiﬁcant phenotypic
diﬀerences between superﬁcial zone chondrocytes (SZC) and
deep zone chondrocytes (DZC) in regards to cell size, matrix
gene expression, and extracellular matrix components [1–6].
In addition, eﬀorts of regenerating cartilage using zone speciﬁc
cells, called stratiﬁed tissue engineering, have demonstrated
that chondrocytes from diﬀerent regions respond diﬀerently
to mechanical forces [7]. Stratiﬁed cartilage tissue construct
with organizational features similar to normal AC and en-
hanced biomechanical properties were generated via utilizing
SZC and DZC [8–10].
Although several studies have investigated the phenotypic
changes of articular chondrocyte subpopulations to recreate
the zonal organization of cartilage, there have been no reports
investigating the unique gene expression patterns of articular
chondrocytes to diﬀerent microenvironments created by
ECM components in three-dimensional (3D) culture [6,10–*Corresponding author. Fax: +1 410 516 8152.
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doi:10.1016/j.febslet.2007.07.04912]. Zonal articular chondrocytes lose their phenotype when
removed from their native microenvironment; therefore,
appropriate microenvironments are necessary for chondro-
cytes from diﬀerent zones to secrete and organize matrix.
Chondrocytes seeded on collagen gel maintained their pheno-
type and showed enhanced biological activity in conjunction
with growth factors or soluble factors [13,14]. CS has shown
to play an important role in controlling chondrocyte pheno-
type by regulating intracellular signaling, cell recognition,
and the connection of ECM components to cell-surface glyco-
proteins [15]. Various in vitro eﬀects of HA on chondrocytes
have also been reported [16–19]. To this end, we investigated
the biological responses of the SZC and DZC in poly(ethyl-
ene-glycol) (PEG)-based hydrogels comprised of varying
ECM components: type I collagen (Col), hyaluronic acid
(HA), or chondroitin sulfate (CS).2. Materials and methods
2.1. Chondrocyte isolation
Full thickness articular cartilage (AC) was dissected from the patel-
lofemoral groove and distal femoral condyles of 5–8-week-old bovine
legs. The superﬁcial zone and deep zone of AC were harvested as pre-
viously described [9]. In brief, the top 10% of full thickness cartilage
was harvested as superﬁcial zone and bottom 10–15% was harvested
as deep zone cartilage. The cartilage pieces were incubated in Dulb-
eco’s Modiﬁed Eagle’s Medium (DMEM, GIBCO, Grand Island,
NY, USA) containing 0.2% collagenase (Worthington Biochemical
Corporation, Lakewood, NJ, USA) and 5% fetal bovine serum (Hy-
clone) for 16 h at 37 C and 5% CO2 to isolate chondrocytes. The cell
suspension was then ﬁltered through a 70 lm nylon ﬁlter (Cell Strai-
ner; Falcon, Franklin Lakes, NJ, USA) and washed three times with
phosphate buﬀered saline (PBS) containing 100 U/ml penicillin and
100 lg/ml streptomycin. Isolated cells were plated on tissue culture
plates at a cell density of 1 · 104 cells/cm2 and cultured until 90% con-
ﬂuence.2.2. Cell size distribution
Cell size distributions were determined by counting the number of
cells with diameters ranging between 7 lm and 25 lm with a Coulter
counter (Beckmann Coulter, Miami, FL). Histograms were used to
examine average cell volume for each sub-population.2.3. Photoencapsulation
Primary SZC and DZC were encapsulated into four types of
hydrogels: poly(ethylene glycol)-diacrylate (PEGDA), PEGDA + type
1 collagen (PEG-Col), PEGDA + hyaluronic acid (PEG-HA), and
PEGDA + chondroitin sulfate (PEG-CS). The PEGDA hydrogel solu-
tion was prepared by mixing 10% (w/v) PEGDA (Nektar, Huntsville,
AL) in sterile phosphate-buﬀered saline (PBS) with penicillin (100 U/
ml) and streptomycin (100 mg/ml) (GIBCO). Hydrogels with exo-
genous ECM components were prepared by mixing 50/50 volume of
20% (w/v) poly(ethylene glycol)-diacrylate (PEGDA) solution withblished by Elsevier B.V. All rights reserved.
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and brought up to a concentration of 2 mg/ml by adding PBS) or hyal-
uronic acid (HA) solution (5 mg/ml in PBS), as described previously
[20]. PEG-CS hydrogels were prepared by co-polymerizing methacry-
lated chondroitin sulfate (CSMA) and PEGDA according to proce-
dures described in Li et al. [21]. The SZCs and DZCs were gently
mixed with the polymer solution at a concentration of 2 · 107 cells/
ml. The photoinitiator, Igracure 2959, was added to the cell-hydrogel
solution and mixed thoroughly to make a ﬁnal concentration of
0.05% (w/v). Photopolymerization of 100 ll cell-polymer-photoiniti-
ator suspension was conducted using 365-nm light (4.5 mW/cm2) for
5 min. The constructs were then cultured at 37 C with 5% CO2 in
2.5 ml chondrocyte growth medium as described previously [9].
2.4. Biochemical assays
DNA assay was performed as previously described [20]. Proteogly-
can content was determined by detecting CS using dimethylmethylene
blue spectrophotometric assay at A525, as previously described [20].
Chondroitin sulfate C (Sigma-Aldrich, St. Louis, MO) dissolved in
de-ionized water was used for the standard curve. For measurement
of proteoglycan produced by cells in PEG-CS hydrogels, acellular
PEG-CS hydrogels were used as a blank.
2.5. Histology
Hydrogel constructs were ﬁxed in 4% paraformaldehyde, dehydrated
in serial ethanol dilutions, and paraﬃn embedded. Constructs were
processed into 5 lm sections and stained with hematoxylin and eosin,
and Safranin-O.
2.6. Electron microscopy
Hydrogel constructs were ﬁxed for 1 h at room temperature in
100 mM cacodylate solution containing 2.5% glutaraldehyde. The
hydrogel constructs were treated with Palade’s OsO4 for 1 h. The con-Fig. 1. Histology of cartilage sections and morphology of cells isolated from s
from the patellofemoral groove and distal femoral condyles and top 10% and
deep zone chondrocytes. Superﬁcial zone chondrocytes stained weakly for S
zone chondrocytes (DZC) stained intensely for safranin-O (C) and maintained
plated on tissue culture dishes (E). (F) Cell area was measured using Meta
Bar = 100 lm, **P < 0.01, SZC: superﬁcial zone chondrocytes, DZP: deep zostructs were then washed three times with 100 mMcacodylate, and incu-
bated overnight in Kellenberger’s uranyl acetate. The constructs were
dehydrated and embedded in Epon. Sections were cut on Leica ULC-
TRACUT UCT ultramicrotome, post-stained in uranyl acetate, and
observed in Philips EM420 transmission electron microscope (TEM).
2.7. RNA isolation and real-time PCR
Total RNA was extracted with Trizol and reverse-transcribed into
cDNA using SuperScript First-Strand Synthesis System (Invitrogen).
Real Time-PCR reactions were performed using the SYBR Green
PCR Mastermix and the ABI Prism 7700 Sequence Detection System
(Perkin Elmer/Applied Biosystems, Rotkreuz, Switzerland) for the
following genes: aggrecan (F-tgaggagggctggaacaagtacc, R-ggag-
gtggtaattgcagggaaca, 60 C; 305 bp), Type II collagen (F-tttcccaggt-
caagatggtc, R-cttcagcacctgtctcacca, 60 C 377 bp), Link Protein (F-
gctctgtgcaatatcccatc, R-cccacttttgcaatctgagc, 60 C; 232 bp), Superﬁ-
cial Zone Protein (F-gagcagacctgaatccgtgtatt, R-ggtgggttcctgtttgtaag-
tgta), HAS1 (F-ggcacccactgcaccttt, R-cgaggtgtacttggtggcatag), HAS2
(F-ggattatgtacaggtttgtgattcaga, R-acctccaaccatgggatcttc), and b-actin
(F-tggcaccacaccttctacaatgagc; R-gcacagcttctccttaatgtc) as a reference.
2.8. Statistical analysis
Data are expressed as mean ± standard deviation (SD). Statistical
signiﬁcance was determined by analysis of variance (ANOVA single
factor) with P < 0.05 or P < 0.01.3. Results
3.1. Zonal cell isolation and cell size
The superﬁcial zone (SZ) cartilage was approximately upper
10% and the deep zone (DZ) cartilage was approximately bot-uperﬁcial and deep zones of articular cartilage. (A) Cartilage was taken
bottom 10–15% of the tissues were harvested to isolate superﬁcial and
afranin-O (B) and maintained smaller cell area when plated (D). Deep
larger cell area compared to superﬁcial zone chondrocytes (SZC) when
morph image software. (G) Cell size distribution of SZC and DZC.
ne chondrocytes.
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and deep zone AC maintain distinct cellular morphology in
native cartilage tissue. Safranin-O staining for negatively
charged proteoglycans indicates the varying degrees of ECM
deposited by DZC and SZC (Fig. 1B and C). SZC have a
ﬂattened or ellipsoid-shaped morphology and align parallel
to the surface of the AC. Conversely, DZC are round and
maintain a larger cytoplasmic volume compared to SZC. Ini-
tial plating and expansion of freshly isolated SZC and DZC
show that these cells maintain distinct cellular cytoplasmic vol-
umes, as indicated by cell areas (Fig. 1D–F). Size distribution
of chondrocyte sub-population indicated that SZC are smaller
than the DZC (Fig. 1G). SZC have mean cell volume of
2169 lm3 while DZC have 2952 lm3.Fig. 2. Morphological analysis of chondrocytes encapsulated in PEGDA (A),
(Bar = 2 lm).
Fig. 3. Histology of hydrogels encapsulated with diﬀerent zonal chondrocyte
(I–P). Deep cells maintained higher matrix accumulation and larger pericellu3.2. Microenvironment induced changes in cell morphology
Primary chondrocytes were encapsulated in four diﬀerent
hydrogels containing: PEGDA, PEG-Col, PEG-HA, and
PEG-CS. The cell morphology and intracellular structure of
the encapsulated chondrocytes varied depending upon the
ECM microenvironment (ECM-containing hydrogels, Supple-
mentary Fig. 1A–D). TEM imaging revealed varying intracel-
lular structure of chondrocytes with the hydrogel composition
(Fig. 2A–D). Chondrocytes in CS-based hydrogels displayed
exocytic vacuoles, indicating higher rate of pericellular matrix
accumulation (Fig. 2D).
Histological evaluation of chondrocytes after 3 weeks of cul-
ture indicated that DZC maintained higher matrix accumula-
tion in the hydrogel. In addition, the diameter of pericellularPEG-Col (B), PEG-HA (C), and PEG-CS (D) via electron microscopy.
s after 3 weeks in culture: Safranin-O staining (A–H) and H&E staining
lar area than superﬁcial cells. (Bar = 100 lm).
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compared to the SZC. Accumulation of cell secreted proteo-
glycan was evident in PEGDA and PEG-Col hydrogels with
clear evidence of pericellular accumulation of newly synthe-
sized proteoglycans (Fig. 3A, B, E, and F). In contrast, incor-
poration of newly synthesized proteoglycans around the
pericellular region was not evident in PEG-HA hydrogels
(Fig. 3C and G), probably due to the displacement of newly-
synthesized proteoglycans by exogenous HA [22]. PEG-CS
hydrogels stained positive for Safranin-O due to CS content
in the hydrogel (Fig. 3D and H); however, H&E staining dem-
onstrated pericellular matrix accumulation by both SZC and
DZC (Fig. 3L and P).
3.3. Matrix synthesis and cell proliferation
Biochemical analysis of DZC and SZC was consistent with
the histological observation (Fig. 4A). DZC maintained higher
matrix production compared to SZC in all hydrogels. Signiﬁ-
cant GAG accumulation by DZC was observed in hydrogels
containing exogenous collagen and CS. Interestingly, DZC in
both PEG-HA and control PEGDA hydrogels resulted in sim-
ilar GAG accumulation. Exogenously added type I collagen
did not have any signiﬁcant inﬂuence on SZC as indicated
by the GAG accumulation data (Fig. 4A). However, microen-
vironments created by HA and CS resulted in higher matrix
accumulation by SZC, with the highest observed in PEG-CS
hydrogels. While type I collagen and HA microenvironments
resulted in varying degrees of response by the SZC and
DZC, the CS microenvironment resulted in maximum accu-
mulation of matrix by both cell types.
Proliferation rate of the cells within various hydrogels was
determined by measuring the DNA content (Fig. 4B). DZC
maintained higher proliferation in PEGDA hydrogels com-Fig. 4. (A) Glycosaminoglycan (GAG) production signiﬁcantly
increased in DZC after culture. (B) Extracellular microenvironments
inhibited cell proliferation. The DNA content of the constructs was
normalized by dry weight for comparison. *P < 0.05, **P < 0.001.pared to their counterparts with diﬀerent ECM components.
The relative proliferative capacities of DZC and SZC in hydro-
gels containing diﬀerent ECM components were lower than
control hydrogels, without signiﬁcant diﬀerence between the
cell types (SZC vs. DZC).
3.4. Gene expression
RNA isolated from SZC or DZC in PEGDA, PEG-Col,
PEG-HA, and PEG-CS was subjected to real-time PCR anal-
ysis to quantify diﬀerences in gene expression after 3 weeks in
culture. DZC expressed higher expression levels of aggrecan,
type II collagen, and link protein genes compared to the
SZC, independent of hydrogel composition (data not shown).
All the genes are normalized to the respective chondrocyte sub-
population in PEGDA control hydrogels (Fig. 5). CS-contain-
ing hydrogels resulted in the highest expression of aggrecan
and type II collagen genes by both SZC and DZC relative to
PEGDA hydrogels (Fig. 5A–D). The presence of exogenous
type I collagen and HA upregulated aggrecan and type II col-
lagen gene expressions in SZC; however, exogenous type I col-
lagen and HA downregulated both aggrecan and type II
collagen gene expressions in DZC. Link protein gene expres-
sion of DZC and SZC was modulated by their respective
hydrogel microenvironments (Fig. 5E and F). Link protein
gene expression of SZC and DZC in hydrogels containing type
I collagen was upregulated while the HA microenvironment
downregulated the link protein gene expression of both SZC
and DZC. On the contrary, CS microenvironments resulted
in diﬀerential gene expression of link protein. Presence of CS
in the hydrogels downregulated the gene expression of link
protein in SZC but it upregulated the expression in DZC.
Our results demonstrate that chondrocytes from diﬀerent
zones of AC have unique gene expression patterns depending
on their surrounding microenvironment.3.5. Response of ECM on the lubricating protein expression
The mechanical functions of the superﬁcial zone are to resist
shear stresses produced by joint motion and to provide a
smooth, nearly frictionless surface. Expression of SZP (also
known as lubricin or PG4), HAS1, and HAS2 have previously
shown to be speciﬁc to the articular surface. Therefore, we fur-
ther investigated whether exogenous ECM components would
modulate the expression of SZP, HAS1, and HAS2 by SZC. In
general, SZC in PEG-HA and PEG-CS demonstrated highest
expression of SZP (Fig. 6A). SZP expression was not modu-
lated in PEG-Col. HAS1 and HAS2 expression are enhanced
by CS-microenvironment, while SZC in PEG-Col and PEG-
HA showed moderate increase to no response (Fig. 6B and C).3.6. Characterization of acellular ECM-hydrogels
Type I collagen and HA were introduced to the PEGDA
hydrogel by creating semi-interpenetrating networks (semi-
IPN) where PEGDA forms the chemically crosslinked net-
work. Since the retention of CS within the PEGDA hydrogels
was limited due to its small molecular weight, we have used
methacrylated CS to create chemical crosslinks. Acellular
hydrogels were characterized for their swelling behavior and
stiﬀness (Supplementary Fig. 1E, F). The swelling ratio was
calculated as the ratio of the weight of the equilibrium hydro-
gel to its dry weight [23]. All hydrogels had similar swelling
ratios indicating comparable water content. The compressive
Fig. 5. Real-time PCR of matrix protein aggrecan expression (A, B), type II collagen (C, D), and link protein (E, F) transcripts were quantiﬁed by
using SYBR green ﬂuorescence after 21 day of culture. Expression levels were normalized to levels of b-actin and relative amounts of mRNA were
normalized to respective cartilage sub-populations in PEGDA hydrogels. SZC: superﬁcial zone chondrocytes, DZP: deep zone chondrocytes.
*P < 0.05; **P < 0.01.
Fig. 6. Relative mRNA expression of (A) PRG4, (B) HAS1, and (C) HAS2 of SZC o bovine chondrocytes in ECM-hydrogels. Data were normalized
to the expression level of the cells in the PEGDA hydrogels.
4176 N.S. Hwang et al. / FEBS Letters 581 (2007) 4172–4178modulus of PEGDA and PEG-Col was comparable and this
may be attributed to the small weight contribution of type col-
lagen 1 to the total polymer content of the hydrogel. Although
the modulus of PEG-HA appeared to be higher than PEGDA
but it is not statistically signiﬁcant, possibly due to the hetero-geneity of the PEG-HA hydrogels. PEG-CS hydrogels had
signiﬁcantly higher compressive modulus as seen from
Supplementary Fig. 1F. This could be explained based on: (i)
higher polymer concentration of PEG/CS hydrogels (20% w/
v), and (ii) presence of ionic sulfate groups and their mutual
N.S. Hwang et al. / FEBS Letters 581 (2007) 4172–4178 4177repulsion that keep polymer chains apart and results in higher
stiﬀness.4. Discussion
Previous studies have shown that chondrocytes from diﬀer-
ent zones of cartilage express unique ECM components within
the AC which allows proper functioning of the tissue [1,6]. The
current study represents an attempt to examine the interactions
between ECM components and chondrocytes isolated from
diﬀerent zones of AC in 3D in vitro culture. Chondrocytes iso-
lated from SZ and DZ of bovine AC maintained their distinct
cell volume and cell morphology after initial plating on tissue
culture plate and encapsulating in PEGDA hydrogels. DZC
were more active in matrix production compared to the SZC
(Fig. 4A). Chondrocytes isolated from diﬀerent zones also
had varying proliferation rates [11]. Our results show that
DZC maintain a higher proliferative rate compared to SZC
in PEGDA hydrogels. Interestingly, when chondrocytes were
encapsulated in hydrogels with type I collagen, HA, or CS,
both SZC and DZC maintained similar proliferation rates.
We have found zonal dependent variation in chondrocyte phe-
notypes such as cell size and matrix production. In addition,
DZC expressed higher levels of aggrecan, type II collagen,
and link protein genes compared to SZC in control PEGDA
hydrogels (Supplementary Figure 2). This observation is in
accord with a recent study by Hidata et al. which has demon-
strated that zonal variation of cells exist even in the
immature cartilage, independent of donor age [24].
In this study, CS showed the greatest response in terms of
gene expression and matrix accumulation in both SZC and
DZC. SZC in PEG-CS hydrogels retained the highest expres-
sion of PRG4, HAS1, and HAS2. Chondrocytes exposed to
HA and type I collagen showed varying eﬀects depending on
the zonal variation of cell sources. Previous study by Nishim-
oto et al. has demonstrated that exogenous CS increased
mRNA expression of type II collagen and aggrecan while high
molecular weight HA markedly decreased the mRNA expres-
sion of both aggrecan and type II collagen of chondrocytes
[19]. Similarly, our study shows that exogenous CS increased
mRNA expression of type II collagen and aggrecan in both
SZC and DZC compared to the cells in PEGDA hydrogels.
In addition, exogenous CS promoted link protein gene expres-
sion of DZC while it inhibited link protein gene expression in
SZC. Interestingly, high molecular weight HA used in our
study promoted a response only in SZC which upregulated
aggrecan expression and matrix accumulation. Eﬀects of HA
on DZC were minimal. Exogenous type I collagen resulted
in signiﬁcantly higher matrix accumulation by DZC, while
minimal induction was observed by SZC. The gene expression
proﬁles indicate that transcription of major cartilage matrix
proteins such as collagen type II, aggrecan, and link proteins
are dependent on the zones of cartilage and extracellular
microenvironments in which the cells are closely interacting.
We hypothesize that zonal chondrocytes express the matrix
proteins that are appropriate for function of cartilage in zonal
variable manner. Chondrocytes actively secrete morphogenetic
factors that may inﬂuence neighboring cellular phenotype and
diﬀerentiation and a recent study by Blanka et al. showed that
structurally organized zone-speciﬁc cells contribute to im-
proved functional properties of engineered cartilage [10,25].Bilayered constructs demonstrated greater shear and compres-
sive strength than homogenous cell constructs, demonstrating
that zone-speciﬁc chondrocytes aﬀect the biological and
mechanical properties of engineered cartilage [10]. Current
study demonstrated the qualitative and quantitative changes
in the pattern of cell morphologies, gene expression, and ma-
trix production of chondrocytes from diﬀerent zones of AC
in response to the ECM microenvironment, which may be uti-
lized when designing stratiﬁed tissue engineering approaches to
regenerate functional articular cartilage.
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